
. 

N 6 4  11809 

OTS PRICE 

XEROX 5 

HJCROFILH $ 

E 
1 1 1  ELECTRO-OPTICAL SYSTEMS, INC., Pasadena, California 



I 
I 
I 
I 

o l  

I 

ELECTRO-OPTICAL SYSTEMS,INC. Pasadena, C a l i f p r n i a  

HYDROGEN-OXYGEN ELECTROLYTIC REGENERATIVE FUEL CELLS 

Prepared € o r  

Na t iona  1 Aeronaut ics  and Space Adminis t ra t ion  
Western Operat ions Off ice  
150 Pic0  Boulevard 
Santa Monica, Ca l i fo rn ia  

(b f i  5 p Cont rac t  NAS 3 - 2 7 8 1 2  

I 

4110-QL-1) 0 7 5  * 18 October 1963 
[ n / A S P & R  - - 2  
i 

Prepared by 

P r o j e c t  Superv isor  

Approved by: 

F 2 l - d  
E. Find1 
Manager 
Chemical and Flu id  Systems 

B. Wilner  
Assoc ia t e  Manager 
Energy C onve r s i o n  D i v i  s i on  



NOT I C E  

This  r e p o r t  was prepared as an  account  of Government-sponsored 

work. Nei ther  t h e  United S t a t e s ,  nor t h e  Na t iona l  Aeronaut ics  and 

Space Adminis t ra t ion  (NASA), nor any person  a c t i n g  on behal f  of NASA: 

a ,  Makes any warranty o r  r e p r e s e n t a t i o n  expressed  o r  implied 

w i t h  r e s p e c t  t o  t h e  accuracy ,  completeness ,  o r  u s e f u l n e s s  

o f  t h e  informat ion  conta ined  i n  t h i s  r e p o r t ,  o r  t h a t  t h e  

use  of any informat ion ,  a p p a r a t u s ,  method, o r  process  

d i sc losed  i n  t h i s  r e p o r t  may n o t  i n f r i n g e  p r i v a t e l y -  

owned r i g h t s ;  o r  

b .  Assumes any l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  u s e  o f ,  o r  f o r  

damages r e s u l t i n g  from t h e  u s e  of any in fo rma t ion ,  appar-  

a t u s ,  method, o r  process  d i s c l o s e d  i n  t h i s  r e p o r t .  

A s  used above, "person a c t i n g  on beha l f  o f  NASA" inc ludes  any 

employee o r  c o n t r a c t o r  of NASA, o r  employee of such c o n t r a c t o r ,  t o  t h e  

e x t e n t  t h a t  such employees o r  c o n t r a c t o r  of  NASA, o r  employee of such 

c o n t r a c t o r  prepares  , disseminates  , o r  provides  access  t o ,  any informa- 

t i o n  pursuant  t o  h i s  employment o r  c o n t r a c t  w i th  NASA, o r  h i s  employment 

w i t h  such con t r ac to r .  

Requests f o r  copies  of t h i s  r e p o r t  should b e  r e f e r r e d  t o :  

Nat iona l  Aeronaut ics  and Space Admin i s t r a t ion  
O f f i c e  of  S c i e n t i f i c  and Technica l  Informat ion  
Washington, 2 5 ,  D . C .  

A t t en t ion :  AFSS-A 
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1. INTRODUCTION 

Th i s  r e p o r t  cove r s  t he  f i r s t  q u a r t e r  of a n ine  month program t o  

eva h a t e  rechargeable  hydrogen-oxygen f u e l  c e l l s  f o r  o r b i t a l  a p p l i c a -  

t i o n s .  I t  i s  assumed that t h e  c e l l s  w i l l  be used a s  energy s to rage  

dev ices  i n  conjunct ion with s i l i c o n  s o l a r  c e l l  conve r t e r s .  An 

important  advantage o f  t he  hydrogen-oxygen c e l l  f o r  t h i s  a p p l i c a t i o n ,  

i s  i t s  p o t e n t i a l  f o r  very h igh  energy s torage/weight  r a t i o s .  

The aim of the f i r s t  phase of t h i s  program was a s tudy o f  the 

o p e r a t i n g  cond i t ions  f o r  minimum system weight  o f  f u e l  c e l l  and s o l a r  

energy conve r t e r .  I f  a f u e l  c e l l  i s  designed f o r  o p e r a t i o n  a t  

maximum power d e n s i t y ,  i t s  weight w i l l  be minimized. 

the s o l a r  cel ls  r e q u i r e d ,  on t h e  o t h e r  hand, i s  a func t ion  of the f u e l  

c e l l  e f f i c i e n c y ,  which i n  tu rn  i s  optimum a t  a minimum c u r r e n t  d e n s i t y .  

A minimum system weight somewhere between these extremes i s  t h e r e f o r e  

suggested.  Previous c a l c u l a t i o n s ,  based on very approximate assumptions 

of system parameters, have shown that such a minimum does e x i s t ,  and 

t h a t  i t  e x i s t s  w i t h i n  a p r a c t i c a l  range of c u r r e n t  d e n s i t y  va lues .  I n  

a d d i t i o n  t o  f a c t o r s  r e l a t i n g  t o  t he  mechanical design o f  t he  f u e l  c e l l ,  

t h e  p o s i t i o n  of the minimum w i l l  be determined by such a d d i t i o n a l  

f a c t o r s  as  o r b i t  a l t i t u d e ,  and t h e  power/weight r a t i o  of the energy 

conve r t e r .  The p r e s e n t  a n a l y s i s  i s  cons ide rab ly  more d e t a i l e d  than 

p rev ious  ana lyses  have been. A p a r t i c u l a r  mechanical des ign  i s  desc r ibed  , 
and an  assumed p o l a r i z a t i o n  curve i s  used, upon which a l l  the c a l c u l a t i o n s  

a r e  made. 

The weight of 
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When a l l  o f  t h e  computations were made and t h e  r e su l t s  graphed, 

s e v e r a l  i n t e r e s t i n g  f a c t s  were immediately e v i d e n t .  F i r s t ,  f o r  

minimum system weight ,  the  optimum d i scha rge  c u r r e n t  d e n s i t y  f o r  t h e  

f u e l  c e l l  l i es  wi th in  a convenient  range, and second, the system weight 

i s  a very weak func t ion  of  t he  d i scha rge  c u r r e n t  d e n s i t y  o v e r  a r a t h e r  

broad range. This  means t h a t  o t h e r  f a c t o r s  can b e  used,  i n  l a r g e  p a r t ,  

t o  determine the  optimum f u e l  c e l l  des ign .  

by the a n a l y s i s  i s  t h a t  f o r  minimum system weight ,  the f u e l  c e l l  i t s e l f  

w i l l  operate  between 11 t o  29 w a t t - h r s / l b . ,  depending on o r b i t a l  

a l t i t u d e  and t o t a l  power requirements.  Use o f  a thermal s t o r a g e  mater ia l ,  

however, lowers these va lues  t o  * 7 t o  13 w a t t - h r s / l b .  

Another p o i n t  brought  o u t  

The parametr ic  a n a l y s i s  has  been done f o r  f i v e  d i f f e r e n t  o r b i t a l  

a l t i t u d e s  and two d i f f e r e n t  power l e v e l s ,  a 100 w a t t  system and a 500 

w a t t  system. I t  i s  shown i n  t h i s  r e p o r t  that  the  e l e c t r o d e  d iameter  

becomes troublesome f o r  power ou tpu t s  g r e a t e r  than 500 wa t t s .  For 

g r e a t e r  power l e v e l s ,  an  a p p r o p r i a t e  number of 500 w a t t  modules should 

be used. All a s p e c t s  of a complete system can be sca l ed  up a lmost  

e x a c t l y  l i n e a r l y .  

The design of the  75 -wa t t  p ro to type  i s  n e a r i n g  completion, and 

c o n s t r u c t i o n  w i l l  begin s h o r t l y .  It w i l l  c o n s i s t  o f  a b a t t e r y  o f  

s i x  ce l l s  with s ix - inch  diameter  e l e c t r o d e s .  The u n i t  w i l l  be 

instrumented t o  supply information abou t  c e l l  v o l t a g e  and temperature  

f o r  each ce l l ,  i n  a d d i t i o n  t o  gas p res su re .  Approximately 800 grams of  

s tear ic  acid w i l l  be contained w i t h i n  the f u e l  c e l l  b a t t e r y  i n  o r d e r  

t o  tes t  the  thermal s t o r a g e  concept f o r  main ta in ing  a c o n s t a n t  o p e r a t i n g  

temperature,  

A power supp ly  and c y c l e r  u n i t  i s  be ing  designed to  s i m u l a t e  a 750 

n a u t i c a l  m i l e  o r b i t .  The t o t a l  per iod f o r  t h i s  o r b i t  has  been c a l c u l a t e d  

to  be 113.5 minutes .  A s a t e l l i t e  i n  t h i s  o r b i t  would be i n  t o t a l  s u n l i g h t  

76.0 minutes, and i n  e i ther  t o t a l  o r  p a r t i a l  da rkness  37.5 minutes .  
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2 WEIGHT RELATIONSHIPS 

The s y s t e m  a n a l y s i s  has  been made by f i r s t  r e l a t i n g  the component 

weights  t o  the f u e l  cel l  e l e c t r o d e  area,  and then r e l a t i n g  the l a t t e r  

t o  the p e r t i n e n t  o p e r a t i n g  parameters of the system. A f t e r  t h i s  

p a r t  of the a n a l y s i s  was completed, the weight r e l a t i o n s h i p s  were 

programmed i n t o  a n  IBM computer, and a l l  parameters p e r t i n e n t  to  the 

problem were va r i ed  sys t ema t i ca l ly .  For a g iven  o r b i t  and d i scha rge  

power, the optimum c u r r e n t  dens i ty  f o r  minimum system weight can be 

determined. From t h i s  c u r r e n t  d e n s i t y ,  t he  number and s i z e  o f  t he  

ce l l s  can be c a l c u l a t e d .  

Sec t ion  3 .  

The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  given i n  

2 . 1  Fuel  C e l l  

The e s s e n t i a l  f e a t u r e s  o f  the f u e l  c e l l  components a r e  shown 

i n  F igs .  1, 2 ,  and 3 ,  and the complete module i n  Fig. 4 .  Two end 

p l a t e s ,  together  w i th  t h e i r  supporting s t r u c t u r e s  f o r  s t i f f e n i n g ,  a 

p r e s s u r e  e q u a l i z e r ,  and the required number of s e p a r a t o r s ,  space r s  , 
e l e c t r o l y t e  beds,  and e l e c t r o d e s  make up the  b a s i c  f u e l  c e l l  module. 

This  u n i t ,  t oge the r  w i t h  i t s  case, w i l l  comprise t h e  f u e l  ce l l .  

The r e l a t i o n s  between component weights  

for the f u e l  c e l l  a r e  given i n  the following. I n  

t h i s  s e c t i o n ,  the symbols used have the fol lowing 

t - Thickness,  cm 
3 v - Volume, cm 

w - Weight, gms 

A - Area, cm 

r - R a d i u s  of Electrode,  c m  

P - Density,  gm/cm 

2 

3 

and e l e c t r o d e  a r e a  

the  equa t ions  of 

meanings: 

4 110 -QL- 1 3 



4110 <L- 1 4 



I 

n 

P 

4110+L-1 5 



0, TANK 

THERMAL STORAGE 

7 
c1 

f 

4 IlO-QL-1 6 

H2TANK 

FIG. 3 
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FIG. 4 
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D e f i n i t i o n s ,  m a t e r i a l s  of cons t ruc t ion ,  and b r i e f  d e s c r i p t i o n s  a r e  a s  

f 01 lows : 

2-1 .1  Separa to r s  

The s e p a r a t o r  i s  def ined as  the component which 

s e p a r a t e s  one c e l l  from the next ,  and which c o n t a i n s  the gas manifold- 

i n g  and recesses f o r  the e l ec t rodes .  On one f a c e  i t  c o n t a i n s  the 

r e c e s s  f o r  the hydrogen e l e c t r o d e  o f  one c e l l ,  and on the  oppos i t e  

f ace  the recess f o r  the oxygen e l e c t r o d e  of t he  a d j a c e n t  ce l l .  The 

s e p a r a t o r s  w i l l  be made of magnesium w i t h  a t h i n  p l a t e  of a s u f f i c i e n t l y  

i n e r t  material ( p o s s i b l y  n i c k e l  o r  epoxy) The weight o f  the p l a t i n g  

m a t e r i a l  i s  n o t  considered i n  the a n a l y s i s ,  b u t  t h i s  weight w i l l  be 

a t  l e a s t  o f f s e t  by the  weight of magnesium removed f o r  the gas 

d i s t r i b u t i o n  screen.  

a .  Within e l e c t r o d e  r eg ion  

t = 0.060" = 0.060/0.3937 = 0.1524 c m  

v = 0.1524 n r2  = 0.4783r 

1 

2 3  c m  

w = 0.4783r 0 = 0.833 r gm 2 2 

b.  Within manifold region 

t = 0.100" = 0.100/0.3937 = 0.254 cm 
2 2 

2 
= TT (2.54 r + 1.61) c m  

A n e t  = 0.4 A gross  = 3.20 r + 2.06 cm 

w = C t A = 0.254 (3.20r  + 2.06) x 1.74 

A gross  = T-T ( r  + 1.27)  - P r 

2 

2 n e t  
= 1.41 r + 0.910 gm 

= w1 + w2 = 0.833 r 2 w 

The d i f f e r e n c e  between A gross  and A n e t  i n  the 

+ 1.41 r + 0.910 gm 

manifold region i s  due t o  the holes f o r  the gas manifolding. 

2.1.2 Spacers 

Spacers a r e  the components which e s t a b l i s h  the  

spacing between t h e  s e p a r a t o r s  and provide s e a l i n g  t o  p reven t  gas 

mixing. 

i s  assumed t o  be Teflon. 

For the purpose of the a n a l y s i s  t he  m a t e r i a l  of c o n s t r u c t i o n  
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2 
A = A  f o r  manifold reg ion  of s e p a r a t o r  = 3.20 r + 2.06 c m  

t = 0.935" = 0.035/0.3937 = 0.089 c m  

V = 0.285 r + 0.183 c m  

w = VP = 0.627 r + 0,402 gm 

n e t  n e t  

3 

2.1.3 E lec t rodes  

Porous n i c k e l  e l e c t r o d e s  of  0.020'' t o  0.022" w i l l  

be  u s e d .  The e l e c t r o d e s  u s e d  f o r  hydrogen w i l l  be ca t a lyzed  w i t h  

5 mg. P t  + 5 mg Pd/cm2, and those used f o r  oxygen w i l l  have 10 mg. 

Pt/cm . 2 

A = n r  

w = u r  

2 

2 PA, where FA i s  the a r e a  d e n s i t y  
2 

= 0.129 g m / c m  inc luding  0.010 gm/cm2 of  c a t a l y s t .  'A 
2 .'. w = 0,405 r gm 

2.1.4 E l e c t r o l y t e  

A 35 pe rcen t  aqueous s o l u t i o n  of  KOH contained i n  a n  

a s b e s t o s  matr ix  i s  assumed f o r  the weight  a n a l y s i s .  
2 A = TT ( r  + 0.317) 

V = t T! ( r  + 0.317) 

p = 2.44 d c m  

w = PV = 7.66 t ( r  + 0.317) 

2 

3 

2 

= (7.66 r2 + 4.85 r + 0.766) t 

The r a d i u s  of the a s b e s t o s  u s e d  i s  1 /8  inch (0.317 cm) 

g r e a t e r  than t h a t  o f  t he  e l e c t r o d e .  Th i s  i s  the s e a l i n g  a r e a  f o r  the  

a s b e s t o s .  The i, value  inc ludes  40 pe rcen t  of t he  a s b e s t o s  weight  

f o r  e l e c t r o l y t e .  The d e n s i t y  o f  the a s b e s t o s  has  been determined i n  
3 t h i s  l abora to ry  to be 2.62 gm/cm inc lud ing  the  b i n d e r  which i t  

c o n t a i n s .  The f a c t o r ,  t ,  i n  the  above express ion  w i l l  have a minimum 

value  determined by gas  d i f f u s i o n  c h a r a c t e r i s t i c s  of the  ce l l .  Beyond 

4110-QL-1 8 



t h i s  i t  w i l l  be determined by the d i scha rge  t ime,  s i n c e  the l a t t e r  

w i l l  f i x  the necessary capac i ty  of the ce l l .  Several  s e r i e s  o f  gas 

d i f f u s i o n  experiments have been performed so t h a t  the bed th i ckness  

could be r e l a t e d  t o  %, the discharge t i m e .  

2.1.5 End P l a t e s  

The end p l a t e s  a r e  the module components between 

which the c e l l s  a r e  secured. The f r o n t  f ace  o f  each p l a t e  i s  recessed 

t o  a l low f o r  a hydrogen e l e c t r o d e  i n  one and a n  oxygen e l e c t r o d e  i n  

the o t h e r .  The oxygen end p l a t e  d i f f e r s  from the hydrogen end p l a t e  

by having a f l ange  which extends beyond the  manifolding r eg ion ,  and 

i n t o  the s e a l i n g  a r e a  of the e x t e r n a l  ca se .  Since the compression 

of the a s b e s t o s  and spacers  w i l l  e x e r t  a cons ide rab le  i n t e r n a l  f o r c e  

a g a i n s t  the end p l a t e s ,  they a r e  s t i f f e n e d  i n  a manner s i m i l a r  t o  

tha t shown i n  Fig. 3 . 
I t  i s  assumed t h a t  t he  h e i g h t  of each of the twelve 

s t i f f e n e r s  i n  the end p l a t e  can be r ep resen ted  by 0.5 r. The i r  com- 

bined a r e a  i s  then 
2 

A1 = 12 x 0.5 r ( r  -+ 1.27) c m  

The a r e a  of the cover p l a t e  can be r ep resen ted  approximately by 
2 2  cm A 2 /  17 ( r  + 0.6)  

The a r e a  of the o u t s i d e  r i n g  s t i f f e n e r  i s  

A3 2n ( r  + 1.27) 

A4 = 2 n  ( 0 , l r )  

The a r e a  of the small r i n g  s t i f f e n e r  i s  

This  s t r u c t u r e  i s  b u i l t  onto a p a r t  which i s  s imi l a r  t o  a s e p a r a t o r  

excep t  t h a t  i t  i s  recessed f o r  a n  e l e c t r o d e  on one s i d e  o n l y ,  and 

con ta ins  only s i x  i n s t e a d  of twelve gas manifolding h o l e s .  To a 

s u f f i c i e n t l y  good approximation the area can be considered to  be 

equa l  t o  t h a t  of a n  o rd ina ry  s e p a r a t o r ,  so t h a t  

= nr2 + 3.20 r + 2.06  c m  2 
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The t o t a l  area i s ,  t h e r e f o r e ,  
2 2 

A = 12.28 r + 21.49 r + 1 1 . 1 7  cm 

Thickness i s  assumed to  be 0.100'' f o r  a l l  p a r t s .  
2 3 + 5.45 r + 2.84 cm ,', V = 0.254 A = 3.12 r 

and the weight is  
2 

w = 1.74 V = 5.42 r + 9.49 r + 4.94 gm. 

2.1.6 OxyPen End Pla te(Mapnesium) 

The oxygen end p l a t e  i s  e x a c t l y  l i k e  the hydrogen 

end p l a t e  except for  the f lange which extends i n t o  the e x t e r i o r  

mounting b o l t  c i r c l e .  The width o f  the f l a n g e  i s  assumed to  be 0.3r .  

I t s  a r e a  i s ,  t he re fo re  
A = 1T ( 1 . 3 r  + 1 . 2 7 ) 2  - TT ( r  + 1.27) 2 

= 2 . 1 7  r 2 + 2.39r cm 2 

and i t s  volume i s  
2 3 

V = 0.254A = 0.550 r + 0.606 r c m  

and i t s  weight is  
2 w = 1.74 V = 0.948 r + 1.055 r gm 

When added to the remainder of the end p l a t e  assembly, which i s  

i d e n t i c a l  t o  t h a t  of  the hydrogen end p l a t e ,  t he  weight  becomes 
2 

w = 6.38 r + 10.54 r + 4,94 gm 

2.1.7 P res su re  Euual izer  

The p res su re  e q u a l i z e r  u s e d  f o r  t h i s  a n a l y s i s  i s  

a Teflon bellows mounted on one end p l a t e .  I t s  purpose i s  t o  maintain 

equal  gas pressures  throughout the system. A new des ign  i s  p r e s e n t l y  

being inves t iga t ed  u t i l i z i n g  a Bellofram c o l l a p s i b l e  diaphragm. 

The c r o s s  sec t ion  i s  assumed to  be 
A 1 = n r  2 

and the enclosed volume, V i s  en ' 
V = n r 2 h  

en 
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This volume w i l l  be set  a t . o n e  percent  of t h e  t o t a l  gas  s t o r a g e  volume. 

The volume of t h e  material  i s  

V = 2 T T r h t  

and i f  t = 0.050", or  0.127 cm, then  

W = 1.75 r h  = 1.75 VpE = 0.0175 Ven 

where V i s  volume of p re s su re  e q u a l i z e r  and V i s  t h e  enclosed volume 

of t h e  gas s t o r a g e  c o n t a i n e r s .  V can  be  c a l c u l a t e d  as fol lows:  
PE en 

en 

3 

3 

343 1 469 

1 eq. of H a t  S.T.P. = 11,200 cm 

1 eq. of O 2  a t  S.T.P. = 5,600 cm 

2 

T o t a l ,  a t  400 p s i a  and 7OoC = 16,800 x 273 x loo 
3 = 775 cm 

This  amount o f  t h e  r e a c t a n t s  w i l l  y i e l d  96,500 amp-secs o r  26.82 amp-hrs. 

= 26,820 ma-hrs. 

3 775 = 0.02890 cm /ma-hr - - 
'en 26,820 

and 

x 0.02890 = 1 . 0 3  x n PDtD n P ~ t ~  
Ven = - 28 

W 1.80 x m P t D D  

2.1.8 Miscellaneous Hardware 

Considered under t h e  heading of miscel laneous hardware 

are n u t s ,  b o l t s ,  and washers f a r  t h e  c e l l  s t a c k ,  t h e  r e t a i n e r  r i n g  f o r  

t h e  p r e s s u r e  e q u a l i z e r ,  r e t a i n e r  r i n g  screws,  e x t e r i o r  mounting b o l t s  

(which hold t h e  two ha lves  of the e x t e r n a l  c a s e  toge the r )  and connector  

t ub ing  leading t o  the  gas s to rage  tanks.  The i n t e r n a l  b o l t s  and r e t a i n e r  

r i n g  a r e  magnesium, t h e  e x t e r n a l  b o l t s  a r e  s t e e l ,  and t h e  connector tub- 

ing i s  aluminum. 

4 110-QL- 1 11 



a .  

A =  

t =  
v -2 

w =  

N u t s  (aluminum), and b o l t  heads (magnesium) 
f o r  c e l l  s t ack .  

(O.lr) c m  

2 3  

2 2  

0.125" = 0.317 cm 

0.010 r cm 

isV = 0.027 r gm 2 

I f  the  b o l t  heads p l u s  washers equa l  weight o f  

aluminum n u t s ,  then the above weight ,  which i s  f o r  a s i n g l e  n u t ,  can 

h e  mul t ip l i ed  by  24 to  give t h e i r  t o t a l  weight.  
2 .'. w = 24 x 0.027 r gm 

2 
= 0-65 r gm 

b. Re ta ine r  r i n g  (magnesium) f o r  p re s su re  e q u a l i z e r .  

I f  the width of  t he  r i n g  i s  O . l r ,  then 

A = TT 

Assume t = 0.125" = 0.317 cm 

( 1 . 1 r ) 2  - r2 = 0.6 r2 e m 2  

2 2 3  Then V = 0.317 x 0.6r  = 0.18 r c m  
2 

and w = PV = 0.31 r gm 

c. Re ta ine r  r i n g  screws (aluminum) 

A = TT (0 .03r)2 = 0,0009 TTr 
2 

2 2  
= 0.0027 r cm 

Assume 4, = 0.25" 0.63 cm 
2 3  V = 0.0017 r cm 

V (o f  caps) = 0.01 r cm 

V ( t o t a l )  = 0.012 r c m  

w = FV = 0.032 r gm 

T o t a l  f o r  1 2  = 0.38 r gm 

d .  E x t e r i o r  mounting b o l t s  ( s t e e l )  

2 3  

2 3  

2 

2 

For the shank 
2 2  

A = TT (0 .07r)2 = 0.015 r cm 1 
Assume 4. = 1.25" = 3.17 c m  

2 3  V ,  = 0.048 r cm 
L 

2 
W1 = S V = 0.37 r gm 

4110-QL- 1 1 2  
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For the head and n u t  
2 A2 = TT (0 .1 r )2  zz 0.03r c m 2  f o r  the  head,  and s i n c e  

the n u t  i s  assumed equal  i n  weight,  the  two t oge the r  would be 2A2.  

Assume t = 0.25" = 0.63 c m  ( inc luding  washer).  

Then 
2 3  V2 = 0.038 r c m  

and 
2 w = r̂ V = 0.30 r gm 

2 2 .'. w = w + w = 0.67 r gm. 1 2 
2 2 

The weight f o r  a l l  twelve would be 12 x 0.67 r = 8.0 r gm. 

e. Connector Tubing (aluminum) 

Assume tubing wi th  0.125" I D  and 1/32" w a l l  

f o r  a l l  cases .  Fur ther  assume l eng th  p ropor t iona l  t o  e l e c t r o d e  

area. The c ross  s e c t i o n  a r e a  of t he  m a t e r i a l  is, then 
2 2 A = R(0.2382 - 0.159 ) 

Assume 

0,0984 c m  

c = r2 + 20 c m  

then 
2 3 V 2 0.10 r f 2 cm 

and 
2 w = CV = 0.27 r + 5 .4  gm. 

The t o t a l  f o r  a l l  miscel laneous hardware is:  
2 w = 9.7 r + 5 . 4  gm 

4110-QL- 1 13 



2.1.9 Casinp (aluminum a l l o y )  

The cas ing  c o n s i s t s  of two hemisphe r i ca l  e n d s ,  

a c y l i n d r i c a l  middle s e c t i o n ,  and a mounting b o l t  f l a n g e .  The 

s u r f a c e  area of the cas ing  i s  given by 
2 

A1 = 4n ( r  + 1.27) + 2n ( r  + 1.27) 

where .e. i s  the  l eng th  o f  the c y l i n d r i c a l  s e c t i o n .  

p ropor t iona l  ro  r ,  and assume b 3 r .  Then 

Assume c i s  

2 2 + 55.9 r + 20,3 cm A1 = 31.5 r 

Assume 

= 0.0625" = 0.159 cm 

Then 
2 3 + 8.88 r + 3.22 cm V1 = 5.00 r 

2 and 
= S V = 13.5 r + 23.9r + 8 . 7  gm. w1 1 

The f lange a r e a  i s  e x a c t l y  the  same as  the f l a n g e  a r e a  of the oxygen 

end p l a t e ,  so t h a t  
2 2 + 2.39 r cm A2 = 2.17 r 

Assume 

t2 = 1.00" = 2 . 5 4  cm 

where t i s  the t o t a l  thickness  of the f l ange .  

the thickness  of the f lange from both ha lves  of the cas ing .  Then 

That i s  t2 inc ludes  
2 

2 3 + 6.06 r cm V 2  = 5.50 r 

and 
2 

= 14.86 r + 16.36 r gm 

2 

2 w = FV 2 
and the t o t a l  weight ,  w ,  i s  

w w + w = 28.4 r + 40.31- + 8.7 gm 1 2  

4110-QL-1 14 
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2.1.10 Gas Storape Tanks 

It  w i l l  be assumed h e r e  t h a t  t h ree  equa l - s i zed  

sphe res ,  two f o r  hydrogen and one f o r  oxygen, w i l l  be used t o  con ta in  

the  r e a c t a n t  gases .  The weight  a n a l y s i s  would be a lmos t  i d e n t i c a l  

i f  only two spheres were used, with the hydrogen sphe re  twice a s  

l a r g e .  I t  i s  l i k e l y ,  however, t h a t  more e f f i c i e n t  packaging w i l l  

r e s u l t  with t h r e e  equal-s ized spheres. 

A h i g h  s t r e n g t h  t i t an ium a l l o y  w i l l  be assumed f o r  

t h e s e  s t o r a g e  tanks. F i b e r g l a s s  tanks have been considered,  b u t  i t  

appea r s  t h a t  i n  i t s  p r e s e n t  s t a t e  of development f i b e r g l a s s  may b e  

u n s u i t a b l e  f o r  a r e g e n e r a t i v e  f u e l  c e l l .  The minimum th i ckness  of a 

s p h e r i c a l  gas s to rage  c o n t a i n e r  is given by the  r e l a t i o n  

rP t = -  
20 

where r i s  the r a d i u s  of t he  sphere,  P i s  t h e  s t o r a g e  p r e s s u r e ,  and 

G i s  the t e n s i l e  s t r e n g t h  of t h e  c o n t a i n e r  m a t e r i a l .  The volume of 

t h e  c o n t a i n e r  material i s  g iven  by 

t = 4nr 2 2 r p  
20 Vs = 4 n r  

One gram of H 0 formed e l ec t rochemica l ly  a t  1.229 v o l t s  i s  e q u i v a l e n t  
2 

t o  56.69/18.02 = 3.143 kca l .  = 3.659 wa t t -h r s .  

1 .*. 1 wat t -h r  = - = 0,2743 gm H20 3.659 

0*2743 = 0.01517 moles H 0 
18.02 2 

2 
= 0.01517 moles H 

= 0.00758 moles O2 

15 
411O-QL-1 



0 The molar volume a t  70 C i s  

3 22.4 x - 343 x lo3 = 28,130 cm . 
273 

0.0157 moles = 0.01517 x 28,130 
3 

0.00758 moles = 213 c m  

T o t a l  = 640 c m  

= 427 c m  a t  760 mm and 70°C 
3 

3 

3 P  W = 2nr P- S 0 

= 2 x 480 x 14.69 x 4.51 

195,000 

= 0.326 gm/watt-hr. 

where a t i tanium a l l o y  o f  d e n s i t y  4.51 gm/cm3 and t e n s i l e  s t r e n g t h  

equa l  to  195,000 p s i has been assumed. This  value i s  the t h e o r e t i c a l  

minimum con ta ine r  weight f o r  the r e a c t a n t  g a s e s ,  b u t  the a c t u a l  weight 

i s  given by 

g d w a  t t -h r  1.23F W = 0.326 
S "D q i  qcf 

where F i s  the s a f e t y  f a c t o r ,  which i s  the r a t i o  of the t h e o r e t i c a l  

b u r s t i n g  s t r e n g t h  t o  the maximum working p r e s s u r e ,  V i s  the d i scha rge  

v o l t a g e ,  7 and 7 a re  the c u r r e n t  e f f i c i e n c y  and power c o n d i t i o n e r  

e f f i c i e n c y ,  r e s p e c t i v e l y ,  and f i s  the f r a c t i o n  of s t o r e d  gases  which 

can be used. Th i s  l a t t e r  f r a c t i o n  can be expressed i n  terms of the 

upper and lower  working p res su res  by the r e l a t i o n  

D 

i C 

- P  
uppe r  lower 

upper 

P 

P f =  

The va lues  assumed a re  a s  follows: 

F = 2 . 2  

q i  

qC 

= 0.95 

= 0.85 

f = 0.90 

VD = 1.00 - 0.00143 JD 
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I n s e r t i n g  these va lues  and mul t ip ly ing  by PD 

i n  mw and 5 i n  hours) 

y i e l d s  (where PD i s  

gms 
- 'D 5 

ws - 826 - 1.18 JD 

2.1.11 The r - f u n c t i o n  can b e  c a l c u l a t e d  r e a d i l y  s i n c e  

3 v  'D = A t o t  D D , l  

where P is t h e  t o t a l  discharge power, is t h e  t o t a l  e l e c t r o d e  

area f o r  a l l  c e l l s ,  J is t h e  d i scha rge  c u r r e n t  d e n s i t y  and V is 

t h e  d i scha rge  v o l t a g e  f o r  one c e l l .  

D 

D D , 1  

Therefore ,  

PD = r 2 n JD VD,l 

and 

1 / 2  
pD 

r =  NTJ (1-00-0. 00143JD) D 

4110-QL- 1 
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2 . 2  Auxi l i a ry  Equipment 

The a u x i l i a r y  equipment i s  cons idered  t o  consis t  of  t h e  

thermal s to rage  m a t e r i a l ,  i t s  cas ing ,  and t h e  power cond i t ione r .  

2 . 2 . 1  Thermal Storage M a t e r i a l  

A thermal s to rage  system w i l l  be used i n  o r d e r  t o  

a t t a i n  i so thermal  ope ra t ion  of  the f u e l  c e l l .  Heat gene ra t ion  w i t h i n  

the  ce l l  v a r i e s  wi th  the  power o u t p u t ,  and a l s o  v a r i e s  between 

charge and d ischarge .  A compound w i l l  be used (probably  s t e a r i c  

ac id )  whose mel t ing  p o i n t  corresponds to  the  f u e l  c e l l  o p e r a t i n g  

tempera t u r e s .  With the  proper  r a d i a t i n g  a r e a  and e m i s s i v i t y ,  t h e  

thermal s to rage  compound w i l l  m e l t  dur ing  pe r iods  when the  h e a t  

generated by the  f u e l  c e l l  exceeds the  r a t e  o f  h e a t  r e j e c t i o n ,  and 

w i l l  f r e e z e  when h e a t  genera t ion  i s  less than h e a t  r e j e c t i o n .  With 

the  proper  des ign ,  t h e r e  should be two phases i n  equ i l ib r ium a t  a l l  

t i m e s .  The fundamental equat ion  r e l a t i n g  h e a t  genera t i o n  on charge , 
on d i scha rge  and average t o  t h e  charge and d i scha rge  times i s  

(% - HR) % = ($ - HC> tC 

where H,, = d i scha rge  h e a t  gene ra t ion  r a t e  

Hc = charge h e a t  gene ra t ion  ra te  

% = mean h e a t  genera t ion  ra te  

Solving t h i s  equat ion  f o r  5 y i e l d s  

% = H,,F + HC (1-F) 

o r  % = F '% - Hc> + Hc 

where 
tD 

tD + tC 
F =  

4 110 -QL - 1 
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The equat ion f o r  h e a t  generat ion i n  a f u e l  c e l l  o p e r a t i n g  a t  c o n s t a n t  

volume i s  r 

when the conversion from c a l o r i e s  t o  wa t t -h r s  i s  made, the va lues  

f o r  the parameters i n  t h i s  equat ion are as follows: 

= -79.42 watt-hrs/mole, a t  7OoC H m 

m 

m 

I t  G = -64.00 " 

S = -0.04520 watt-hrs/deg/mole 

a nd 

RT = 0.7928 watt-hrs/mole 

:. )b = dt dn ;(y-l) L (-80.21) + 15.51~; 

dn (y-1) (78.63) - 1 5 . 5 1 ~ :  and H = -  
c d t  L 

The f a c t o r  d n / d t  can be ca l cu la t ed  r e a d i l y  s i n c e  

= 5.18 x i i - dn 
d t  2 x 96,500 
- -  

A l s o ,  
n i = J  A n = J  TTrn L 

D 1  D 

. dn 2 - = 5.18 x JD nr moles/sec 

2 

a * d t  
or 

- =  dn 0.0585 JD r n moles/hr 
d t  

The remaining term, y ,  can be ca l cu la t ed  a s  follows: 

'D, 1 - 1.00 - 0.00143JD 
- - - 

'D 1.253 1.253 

= 0.798 - 0.001141 JD 

'c.1 - 1.41 + 0.00235 Jc 
- - - 

'C 1.253 1.253 

= 1.125 + 0.001876 Jc 

and 

-he symbols a r e  explained i n  Report 4110-M-2. 
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By i n s e r t i n g  the express ions  f o r  d n / d t  and y i n t o  t h e  equa t ions  f o r  

€$ and H 

a re 

these l a t t e r  q u a n t i t i e s  can be c a l c u l a t e d .  The r e s u l t s  C 

z HD = JD r n (1.670 + 0.00640JD) 

and 
2 Hc = Jc r n (0.00692Jc - 0.4462) 

tD ( K O  - HR> 
The minimum weight o f  s t e a r i c  a c i d  necessary  would be 

= 18.06 x 
'S . A .  

where the  f a c t o r  18.06 x i s  the  weight  of  s t e a r i c  a c i d ,  i n  

1 

I 
1 
8 

a 

grams, t o  s t o r e  1 mw-hr of h e a t  i n  the  h e a t  of  fus ion .  

J F', 
' W 

e + S.A.  = 0.01806 tD (l-F)(% - 'Ic) 

D l  2 
= 0.01806 k ( 1 - F )  JD r n (2.116 + 0.00640JD- 0.00692 - 

1 - F '  

2.2.2 Casing f o r  T h e r m 1  Storage  M a t e r i a l  

The thermal s to rage  m a t e r i a l  i s  conta ined  between 

two concen t r i c  c y l i n d e r s  i n  the  assumed des ign .  The inne r  wa l l  i s  

the  aluminum f u e l  c e l l  c a s e ,  and the  ou te r  w a l l  i s  magnesium. The 

c ross  s e c t i o n  a rea  of t h i s  annu la r  space i s  

where A i s  the a r e a  enclosed by the  o u t s i d e  cas ing .  The volume of  t h i s  
0 

annu la r  space i s  
- - 

'net 
where L i s  the length .  

- - 
'net 

A l s o ,  

LA = 3rA - 3TTr ( r  + 1.59) 2 
ne t 0 

The volume i s  a l s o  expressed a s  

* 0 -  - -=  1.180 W S a A .  'S A 

'S . A .  0.847 

2 A = A -I- TT(r + 1.59)2 = nR 
0 n e t  

where R i s  the  r a d i u s  of the o u t e r  casing.  
-, 

,', 3rA0 - 3 n ( r  + 1.59)L = 1.180 W S a A  

41 10 -QL- 1 
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and 

2 1.180 WSeA + 3 T r ( r  + 1.59) 
A =  

0 3r 

= 0.393 W S * A *  7 + T(r + 1.59) 2 

2 = r r R  

R = 0,1246 W S o A *  - + ( r  + 1.59) i r 

The circumference,  C y  of the  o u t e r  c a s i n g  i s  

c = 2 m  

and the volume i s  

V = 2TTR t L  = 6 R R t  

( s i n c e  i t  was assumed t h a t  L = 3r) 

and i f  the thickness  o f  the ou te r  ca s ing  i s  taken a s  0.2 cm. i n  all 

ca se s , then 

V = 1.2nrR 

and the weight i s  

WE = 1.2 T r R P  = 6.55 r R  

- 112 
= 6.55 r 0.1246 "' 7 A + ( r + 1.59)2 i i 

The weight does no t  include the ends of the c o n t a i n e r ,  b u t  on ly  the 

c y l i n d r i c a l  po r t ion .  I n  a d d i t i o n  t o  t h e  necessa ry  end caps,  a 

considerable  amount of m a t e r i a l  i s  necessa ry  because the thermal 

conduc t iv i ty  of s t e a r i c  a c i d ,  o r  any o the r  s u i t a b l e  m a t e r i a l ,  i s  

much too low t o  permit a n  accep tab le  temperature d i f f e r e n t i a l  

a c r o s s  i t .  The approximation w i l l  be made t h a t  the t o t a l  c o n t a i n e r  

weight ,  i nc lud ing  t h e  end caps,  w i l l  be fou r  t i m e s  t h e  weight  of the 

c y l i n d r i c a l  p o r t i o n  c a l c u l a t e d  above , so  t h a t  t he  t o t a l  c a s i n g  weight 

can be gi---- =-. 
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2.2.3 Power Condi t ioner  

The weight  a n a l y s i s  w i l l  be  based on EOS designed 

power condi t ion ing  equipment. I t s  func t ion  is  t o  ma in ta in  c o n s t a n t  

ou tpu t  vo l tage  wi th  v a r i a t i o n s  i n  load. There a r e  a l s o  s m a l l  v a r i a -  

t i o n s  i n  output  vo l t age  from the f u e l  c e l l  which a r e  dependent upon 

the  s t a t e  of  charge.  

5 1 x 10 

5 5 x 10 

where PD i s  expressed i n  mw. The power cond i t ione r  

w i l l  be assumed to be 0.85 i n  the  p r e s e n t  a n a l y s i s .  
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2 - 3  Enemy Converter 

S i l i c o n  s o l a r  c e l l  conve r t e r s  a r e  assumed i n  the weight 

a n a l y s i s .  Based on t h e  p re sen t  state o f  the a r t ,  a f i g u r e  of 

5 w a t t s l l b .  f o r  s o l a r  c e l l  panels appears  j u s t i f i e d  f o r  the a n a l y s i s .  

The weight  can  be expressed a s  

W = kPT = k (PD + Pc) e c  

where Pc,  PD,  and P 

t o t a l  power from the panel.  I n  o rde r  t h a t  t he  charging v o l t a g e  w i l l  

be the minimum while i n s u r i n g  that t h e  c e l l  i s  charged t o  t h e  same 

e x t e n t  that  i t  i s  discharged during a c y c l e ,  the r e l a t i o n  

a r e  r e s p e c t i v e l y ,  t he  charge,  d i s c h a r g e ,  and T 

JCtC = JD b 
m u s t  hold.  The power output  and i n p u t  f o r  t he  f u e l  c e l l  w i l l  be 

pD = nr2 n v 

pC = nr2 n vC , l ~ c  

J 
C , 1  D 

and 

Th i s  l a s t  equat ion i s  t r u e  only i f  the c u r r e n t  e f f i c i e n c y  i s  100 pe rcen t .  

Pc m u s t  be increased because p r a c t i c a l  c u r r e n t  e f f i c i e n c i e s  a r e  less 

than 100 pe rcen t ,  and because of the i n e f f i c i e n c i e s  i n  the power 

cond i t ione r .  The former e f f i c i e n c y  i s  assumed t o  be 0.95 and t h e  

l a t t e r  0.85. 

- 'DVC,lJC - - :. Pc - 
'D,1 J C Ti. 1 c 

r and f i n a l l y ,  

W = 0.09072 PD ec 

*D 'C,1 JC 
0.808 JD VD,l - 
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2.4 Weight T o t a l s  

From the weight r e l a t i o n s h i p s  given i n  t h i s  and the  previous 

r e p o r t  the weight t o t a l s  f o r  the complete sys t em can be expressed a s  

fo 1 lows : 

Fuel C e l l  
2 2 

W = 49.1 r + 58.9 r + 23.1 + n(1.74r + 2 ,04r  + 1.31) 
f c  

1.423 x PDtDn 
(7.66 r2 + 4 .85  r + 0.706)  2 + 

( r  + 0.318) 

A u x i l i a r i e s  
2 

= 0.01806 5 (1-F) JD r n(2.116 + 0.00640 
'S . A .  

) 
JDF JD - 0.00692 1 -F 

~ 1 / 2  where W S a A  = the weight of s t e a r i c  a c i d .  
+ ( r  + 1.59) 2 

0.1246 7 Wc = ,33r r 
where Wc = the casing € o r  the s t e a r i c  a c i d .  

-3 5 
i K =  9 . 1  x 10 f o r  P, = 1 x 10 u 

5 wpc = KP ' -3 ' K =  6 .4  x 10 f o r  PD = 5 x 10 

where Wpc = the weight of  the power c o n d i t i o n e r .  

Energy Converter 
7 

JDF I 
- F 

1-F -(1.41 + 0.00235) 
j 0.808-0.001155 JD W = 0.09072 PD il + e c  - - 
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3. RESULTS OF THE OPTIMIZATION STUDIES 

The expressions f o r  the weight t o t a l s  were programmed i n t o  a n  

IBM-1620 computer. O r b i t a l  a l t i t u d e s  o f  300,1000, 5000, 10,000 

and 22,400 miles were used w i t h  c u r r e n t  d e n s i t i e s  of 10, 20, 4 0 ,  60,  

80,  100, 120, 140, 160, 180 and 200 m a / c m  . The a p p r o p r i a t e  number 

of c e l l s  was used according t o  t h e  s t e p  func t ion  i n  Fig. 5 . 
C a l c u l a t i o n s  f o r  on ly  two d i f f e r e n t  o u t p u t  power l e v e l s  were used ,  

however , because e l e c t r o d e  diameters become troublesome above the  

500 w a t t  ( a t  28 v o l t )  l e v e l .  Figure 6 shows the e l e c t r o d e  diameter 

a s  a func t ion  of the d i scha rge  c u r r e n t  d e n s i t y  necessary to g ive  

e i t h e r  100, 500, or  1000 w a t t s  f o r  an  ou tpu t  of 28 v o l t s .  For power 

l e v e l s  above 500 w a t t s  the appropr i a t e  number of 500-watt modules can 

be used and each component weight w i l l  scale up almost  e x a c t l y  i n  

p ropor t ion  t o  the  discharge power. 

2 

Figures  7 through 16 g ive  component and sys t em weights  a s  a 

f u n c t i o n  of d i scha rge  c u r r e n t  dens i ty .  One f e a t u r e  which is 

immediately ev iden t  i s  that the optimum c u r r e n t  d e n s i t y  ( i . e .  , the 

c u r r e n t  d e n s i t y  which y i e l d s  minimum s y s t e m  weight) ranges from 
2 2' 80 m a / c m  a t  the lowest o r b i t  to 120 m a / c m  a t  t he  h i g h e s t .  The 

reason f o r  t h i s  i s  due mostly to  the much lower s o l a r  panel weight 

a t  the higher  o r b i t s .  This  allows o p e r a t i o n  a t  h i g h e r  c u r r e n t  

d e n s i t i e s  while paying only a n e g l i g i b l e  p e n a l t y  f o r  t h e  lower 

e f f i c i e n c i e s .  The s o l a r  panel weight drops o f f  s h a r p l y  wi th  i n c r e a s i n g  

a l t i t u d e  because of the r ap id ly  dec reas ing  value of F,  t h e  f r a c t i o n  

o f  the o r b i t  du r ing  which the f u e l  c e l l  i s  discharging.  A t  the 

h i g h e s t  o r b i t ,  t h e  f u e l  ce l l  i s  h a r d l y  on more than a t r i c k l e  charge 

even for  the h i g h e s t  discharge c u r r e n t  d e n s i t i e s .  The charging 

p o t e n t i a l  would be even lower than t h a t  assumed h e r e ,  s i n c e  a l i n e a r  

charge p o l a r i z a t i o n  curve was used f o r  a l l  charge a s  w e l l  a s  f o r  a l l  

d i scha rge  c u r r e n t  d e n s i t i e s .  However, t h i s  refinement would y i e l d  a 

n e g l i g i b l e  c o r r e c t i o n  t o  the panel weight. 
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Another f a c t  which i s  immediately ev iden t  i s  t h a t  s y s t e m  weight 

i s  only a weak func t ion  of discharge c u r r e n t  d e n s i t y  wi th in  r a t h e r  

broad l i m i t s .  I n  the design of a f u e l  c e l l  t h i s  l eaves  a w i d e  

l a t i t u d e  i n  the s e l e c t i o n  of a d i scha rge  c u r r e n t  d e n s i t y .  I t  w i l l  

very l i k e l y  prove d e s i r a b l e  t o  ope ra t e  a t  somewhat l e s s  than the 

optimum c u r r e n t  d e n s i t y  i n  order t o  b u i l d  i n  a l a r g e  overload f a c t o r .  

I t  i s  a l s o  q u i t e  no t i ceab le  i n  the  curves o f  F igs .  7 through 16 

t h a t  the thermal s to rage  m a t e r i a l  ( s t e a r i c  a c i d ,  i n  t h i s  case) adds 

cons ide rab le  weight to  the system, p a r t i c u l a r l y  a t  the h ighe r  o r b i t a l  

a l t i t u d e s .  More thermal s torage i s  necessary i n  h i g h e r  o r b i t s  

because of the g r e a t e r  v a r i a t i o n  between h e a t  gene ra t ion  on d i scha rge  

and h e a t  gene ra t ion  on charge,  when the h e a t  gene ra t ion  i s  o f t e n  

n e g a t i v e .  I t  should be remembered that the curves showing a u x i l i a r y  

weights r e a l l y  r e p r e s e n t  the weight o f  s t e a r i c  a c i d  p l u s  i t s  c o n t a i n e r ,  

excep t  f o r  the power cond i t ione r .  

( 2  lbs)  f o r  the 100-watt system o r  3.2 kg ( 7  lbs) f o r  the 500-watt 

s y s  t e m .  

The l a t t e r  adds a c o n s t a n t  0.91 kg 

I n  terms of energy/weight r a t i o s ,  i t  can be seen t h a t  f o r  

minimum system weight ,  t he  100-watt f u e l  c e l l  w i l l  y i e l d  11.5 w a t t - h r s / l b  

a t  the lowest o r b i t  and 25.3 wa t t -h r s / lb  a t  the h ighes t .  The correspond- 

i n g  f i g u r e s  f o r  the 500-watt s y s t e m  a r e  13.1 and 29.0. I f  t he  thermal 

s t o r a g e  system i s  used, the fue l  c e l l  energy/weight r a t i o  i s  cons ide r -  

a b l y  reduced, e s p e c i a l l y  f o r  the h i g h e r  o r b i t s .  The f i g u r e  f o r  the 

100-watt system i n  the 300-mile o r b i t  becomes 7 w a t t - h r s / l b ;  and f o r  

t he  500-watt system i n  the  22,400-mile o r b i t ,  13 wa t t -h r s / lb .  
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4 .  GAS DIFFUSION STUDIES 

I n  o r d e r  t o  set l i m i t s  on the amount of wa te r  which can be 

e l e c t r o l y z e d  from the e l e c t r o l y t e  bed, a series o f  gas d i f f u s i o n  

s t u d i e s  h a s  been performed. The system f o r  measuring d i f f u s i o n  rates 

h a s  been designed so that equal  gas p re s su res  are maintained on both 

s i d e s  of the ce l l .  Hydrogen i s  admitted t o  one a r m  of the system, 

and the gas which i s  used a s  the c a r r i e r  gas ( e i t h e r  oxygen o r  

ni t rogen)  i s  admit ted to  the  other .  A mercury manometer of very 

h igh  s e n s i t i v i t y  was designed for  the purpose of measuring the 

p r e s s u r e  d i f f e r e n t i a l  between the two arms of the system% A measured 

flow r a t e  ( u s u a l l y  between 10 and 30 ml/min) of t h e  carrier gas i s  

maintained a c r o s s  the back of  the oxygen e l e c t r o d e  wh i l e  equa l  

p re s su res  a r e  maintained i n  the two arms. A f t e r  sweeping the  back 

of the  oxygen e l e c t r o d e  the gas stream i s  passed through a s i l i c a  

g e l  d ry ing  tube and then i n t o  a r e a c t i o n  tube where the  hydrogen i s  

ox id ized  t o  water.  The water i s  then adsorbed on s i l i ca  g e l  and 

weighed. 

Two d i f f e r e n t  methods f o r  ox id i z ing  hydrogen have been used. 

I n  the f i r s t  method, wire-form CuO i s  packed i n t o  a q u a r t z  tube 

( a b o u t  1 c m  diameter  and 40 cm long) which i s  k e p t  i n  a furnace a t  

95OoC. 

hydrogen i s  oxidized and then i n t o  a weighing tube con ta in ing  s i l i c a  

gel .  This  method was checked by charging the c e l l  wh i l e  t h e  gas 

d i f f u s i o n  measurements were i n  progress.  I n  t h i s  procedure,  the 

c e l l  i s  opened t o  the atmosphere on one s i d e  while  n i t r o g e n  i s  swept, 

a t  atmospheric p r e s s u r e ,  ac ross  the o the r  e l e c t r o d e  and c a r r i e d  

through the s y s t e m  a s  described above. The c e l l  i s  e l e c t r o l y z e d  

so  that  hydrogen i s  introduced i n t o  the carr ier  gas stream. The 

The gas stream passes  over t he  copper oxide where t h e  

*his manometer w a s  descr ibed in  the f i n a l  r e p o r t  f o r  c o n t r a c t  NAS 7-181. 
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method proved a c c u r a t e  t o  w i t h i n  10 p e r c e n t  i n  the  charg ing  range 

from 0.8 t o  2.0 ma/cm . However, t h i s  method has  t h r e e  d i sadvan tages ,  

a l l  of which hiive been overcome by the  second method t o  be desc r ibed .  

The disadvantages a r e  (1) the  q u a r t z  tube i s  a t t a c k e d  by the  copper 

oxide f a s t  enough so t h a t  on ly  a few runs are p o s s i b l e  w i t h  each 

2 

tube; (2)  water  tends  t o  condense i n  the  tube between the furnace  

and the  weighing tube; and ( 3 )  the  s t a r t - u p  t i m e  i s  long  due t o  the  

t i m e  required t o  h e a t  t he  furnace.  

I n  the second method a U-tube con ta in ing  p l a t i n i z e d  a s b e s t o s  i n  

one arm and s i l i c a  g e l  i n  the  o t h e r  rep laced  the  fu rnace ,  t he  copper 

oxide ,  and the  weighing tube. The e n t i r e  process  occurs  a t  room 

temperature and ,  s ince  the  water  i s  weighed i n  the  same c o n t a i n e r  i n  

which i t  i s  formed, t h e r e  i s  no problem o f  condensat ion be fo re  i t  

reaches  the weighing tube.  I n  t h i s  c a s e  the  c a r r i e r  gas  must be 

oxygen. Th i s  method f o r  hydrogen de termina t ion  was checked by 

producing hydrogen by the  r e a c t i o n  between a KOH s o l u t i o n  and h i g h  

p u r i t y  aluminum. I f  one uses  more than 10 mg of  aluminum p e r  run  

(corresponding to  10 mg of  water formed), t h i s  method i s  a c c u r a t e  to  

w i t h i n  - 5 pe rcen t .  + 
4.1 E f f e c t  o f  P res su re  on Hydrogen Di f fus ion  Rates 

A determina t ion  of  t he  e f f e c t  o f  p re s su re  on hydrogen 

d i f f u s i o n  r a t e s  was made. I t  can be seen by the  r e s u l t s  given i n  

Table  I t h a t  d i f f u s i o n  r a t e s  a r e  a r a t h e r  weak func t ion  of  p re s su re .  

I t  w i l l  be noted t h a t  a t  very  low p r e s s u r e s ,  the  d i f f u s i o n  rates 

a c t u a l l y  r ise  wi th  decreas ing  pressure .  

t h a t  gas pressures  on the  oppos i te  s i d e s  of t h e  e l e c t r o l y t e  bed 

h e l p  t h e  s e a l i n g  of t he  a sbes tos .  

T h i s  e f f e c t  might i n d i c a t e  

I t  w i l l  a l s o  be  noted t h a t  the  r e s u l t s  of s e v e r a l  e x p e r i -  

ments a r e  not  given i n  the  t a b l e s .  When a new c e l l  i s  f i r s t  brought  

up t o  pressure  , the  appa ren t  d i f f u s i o n  ra te  i s  a lmost  i n v a r i a b l y  

very  h igh  o r  very  l o w .  The reason i s  t h a t  gas  d i f f u s i o n  r a t e s  a c r o s s  

the  a sbes tos  bed a r e  very  s e n s i t i v e  t o  a d i f f e r e n t i a l  p re s su re  a c r o s s  
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the bed. This  p re s su re  d i f f e r e n t i a l  cannot be avoided wh i l e  b r i n g i n g  

the p r e s s u r e s  up. 

4 . 2  E f f e c t  o f  S t a t e  of Charge on Hydrogen Di f fus ion  Rates 

Major emphasis has  been placed on determining the  e f f e c t  

of s ta te  o f  charge on gas d i f f u s i o n  rates. The f u e l  c e l l  used i n  
2 t h e s e  experiments has a 25.7 c m  e l e c t r o d e  area and a compressed 

e l e c t r o l y t e  bed 0.040" (1.0 mm) t h i ck .  The f i g u r e  used i n  the 

a n a l y s i s  f o r  amp-hours of s to rage  c a p a c i t y  f o r  u n i t  volume was 

c a l c u l a t e d  on the basis of a 2 amp-hour s ta te  of charge f o r  t h e  

experimental  ce l l .  I t  w i l l  be seen t h a t  a t  2 amp-hours f o r  t he  

experimental  c e l l ,  gas d i f f u s i o n  rates are accep tab ly  l o w  when a 

weight  r a t i o  of 0.7 i s  used f o r  the e l e c t r o l y t e  ( i . e . ,  e l e c t r o l y t e  

w e i g h d a s b e s t o s  weight = 0 . 7 ) .  The resul ts  a r e  given i n  Tables  I1 

and 111. 

4 .3  Oxygen Di f fus ion  Rates 

A l i m i t e d  amount o f  work was done on oxygen d i f f u s i o n  rates.  

I t  i s  r e a d i l y  appa ren t  t h a t  these r a t e s  are n e g l i g i b l e .  The r e s u l t s  

a r e  given i n  Table I V .  

4.4 E f f e c t  of Temperature on Hydrogen Di f fus ion  Rates 

Two d i f f e r e n t  a t t empt s  were made t o  determine temperature 

dependence on d i f f u s i o n  r a t e s  (once by t h e  copper oxide method, and 

once by t h e  platinum c a t a l y s t  method). 

i n  both c a s e s  was less than the u n c e r t a i n t y  f o r  a s i n g l e  measurement. 

These measurements were made a t  2 5  , 40°, 50°, 60°, 70°, and i n  one 

case 8OoC. 

The v a r i a t i o n  wi th  temperature 

0 
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TABLE I 

EFFECT OF PRESSURE ON HYDROGEN DIFFUSION RATES AT 25OC 

E l e c t r o l y t e  r a t i o  = 0.4 
S t a t e  of Charge = ze ro  
Copper oxide method 

E x p t .  No. 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 
14 
1 5  
1 6  
1 7  
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Pressure  Di f fus ion  
p s  i a  Rate, MP/kr. 

55 
6 5  
7 5  
85 
9 5  

1 0 5  
115 
115 
4 5  
4 5  
55 
65 
6 5  
7 5  
85  
9 5  
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4 .O 
1.4 
1.4 
3.6 
2.0 
2 .o 
1.6 
3,O 
6.2 
5.6 
3.8 
2.2 
0 . 6  
0 0 4  
0.0 
1,6 

Se 1 f - D i  s c ha rge 
Rate 

ma/ cm 2 

0.77 
0.27 
0.27 
0.65 
0.40 
0.40 
0.31 
0.58 
1.19 
1.08 
0.73 
0.42 
0.12 
0 - 0 8  
0.00 
0.31 



TABLE I1 

EFFECT OF STATE OF CHARGE ON HYDROGEN DIFFUSION RATES AT 25OC 

Electrolyte ra t io  = 0.6 
Pressure =: 65 psia 

CELL #1 

Expt. No. 

2 
3 
5 
7 
8 
9 
13 
14 
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Hydrogen Diffusion 
State of Charge Rate 

amp -hr s . mn/ hr e 

0 
0 
1.0 
2 .o 
2 .o 
2.0 
2.5 
2.5 

0.3 
0.6 
0.6 
9.8 
5.5 
3.6 

37.2 
31.0 

Se 1 f -D i scha rge 
Rate 

ma/ cm2 

0.03 
0.07 
0.07 
1.14 
0.64 
0.42 
4.3 
3.6 

37 



TABLE 111 

EFFECT OF STATE OF CHARGE ON HYDROGEN DIFFUSION RATES AT 25OC 

E l e c t r o l y t e  R a t i o  = 0.7 
P r e s s u r e  = 6 5  p s i a  
P l a  tinum C a t a l y s t  Method 

CELL #2 

ExPt. No. 

1 5  
16  
19 
20 

21  
22 
23 
24 
25 

27 
32 
33 
34 
35 
36 
37 
38 
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Hydrogen D i f f u s i o n  
S t a t e  o f  Charge Rate 

amp-hrs. ma/ h r  . 
0 0 . 8  
0 0 . 8  
2 .25  19.6 
2 .25  16 .0  

CELL #3 

Se 1 f -D i s c  ha r ge 
Rate 

m a  / cm2 

0.09 
0.09 
2.3 
1.9 

0 
1 .5  
1.5 
2.0 
2 - 0  

CELL #4 

0.0 
1.8 
1.4 

18.0 
19.2 

0.00 
0 .24  
0.22 
2.45 
2.22 

1.0 
2 .o 
2.0 
2.2 
2.2 
2.2 
2.4 
2.4 

0.4 
11 .8  

8.4 
1 3 . 2  

6.3 
7.4 

20.4 
18 .9  

0.05 
1.4 
0.98 
1.5 
0.73 
0.85 
2.4 
2.2 
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Expt . N o .  

4 0  
41 
4 2  
4 3  
4 5  
4 6  
47 
4 8  

TABLE I V  

OXYGEN DIFFUSION RATES AT 25OC 

Electrolyte Ratio = 0 . 7  
Pressure = 65 psia 
Pla tinum Catalyst Method 

CELL #4 

Hydrogen Diffusion 
State of  Charge Rate 

amp-hrs me;/hr. 

2.4 
2.4 
2.4 
2.4 
2.4 
2.4 
2.4 
2.4 

0.86 
1.6  
2.4 
7.0 
1.95 
2.28 
3.0 
3.0 

S e  1 f -D i s cha rge - 

Rate 
ma/cm 2 

0.10 
0.19 
0.29 
0.81 
0.23 
0.27 
0.35 
0.35 

4 110 -QL- 1 
39 



5 .  DESIGN OF EXPERIMENTAL FUEL CELL 

The design f o r  the 75-watt prototype f u e l  c e l l  i s  i n  i t s  f i n a l  

s t a g e s  o f  completion. Close adherence t o  t h e  des ign  concepts  assumed 

f o r  the a n a l y s i s  has  been maintained.  Some minor d e p a r t u r e s  have 

tended t o  make the u n i t  l i g h t e r  and some o t h e r s  have tended t o  make i t  

h e a v i e r ,  but  the t o t a l  weight should prove t o  be c l o s e  t o  that p r e d i c t e d  

i n  the a n a l y t i c a l  phase of the program. For example, t he  p r e s s u r e  

e q u a l i z e r  i s  a l i t t l e  l i g h t e r  than t h a t  which would have been p r e d i c t e d .  

The aluminum c a s i n g  i s  a l s o  l i g h t e r  s i n c e  f u l l  hemispheres a r e  n o t  being 

used. The casing weight f o r  the s tear ic  a c i d  i s  a l s o  l i g h t e r ,  b u t  t h i s  

weight saving would n o t  be r e a l i z e d  i n  a n  ac tua l  f u e l  c e l l  b a t t e r y  

s i n c e  a b a t t e r y  o f  32 t o  35 ce l l s  would r e q u i r e  a n  amount of s tear ic  

a c i d  which is  too much to  con ta in  w i t h i n  the end p l a t e s .  The e l e c t r o -  

l y t e  weight i s  somewhat h e a v i e r  than t h a t  assumed i n  the a n a l y s i s .  An 

e l e c t r o l y t e  r a t i o  of 0.4 gm. of  35 p e r c e n t  KOH e l e c t r o l y t e  p e r  gram 

of a s b e s t o s  was assumed f o r  the a n a l y s i s ,  b u t  the gas d i f f u s i o n  s t u d i e s  

i n d i c a t e d  t h a t  a r a t i o  of 0.7 i s  d e s i r a b l e .  

The t e n t a t i v e  design drawings f o r  the f u e l  c e l l  b a t t e r y  a re  shown 

i n  Figs .  1, 2 ,  and 3 .  
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6. CONSTANT CURRENT POWER SUPPLY AND CYCLER 

A cons tan t  c u r r e n t  power supply t o  be used i n  con junc t ion  wi th  a 

cycler  i s  p r e s e n t l y  be ing  designed. The c y c l e r  w i l l  be capable  of 

s imula t ing  any o r b i t  up t o  a charging t i m e  of t h r e e  hours.  For a n  

o r b i t a l  a l t i t u d e  of 750 n a u t i c a l  m i l e s  (862 s t a t u t e  m i l e s )  a 

d i scha rge  c u r r e n t  of 19.0 amps i s  considered convenient.  T h i s  imp l i e s  

9.60  amps f o r  the charge c u r r e n t  d e n s i t y  i f  98 p e r c e n t  c u r r e n t  e f f i c i e n c y  

i s  assumed. The t o t a l  o r b i t a l  per iod has  been c a l c u l a t e d  to  be 1.890 

hour s ,  o r  113.5 minutes.  Of t h i s  t o t a l  o r b i t a l  p e r i o d ,  t h e  d i scha rge  

phase i s  37.5 minutes ,  and the  charge phase t h e  remaining 76.0 minutes.  

Since the  6 i n c h  diameter  e l e c t r o d e s  have a n  area of 182.5 cm , t he  
2 

charge and d i scha rge  c u r r e n t  d e n s i t i e s  a re ,  r e s p e c t i v e l y ,  53 m / c m  

and 104 ma/cm . 

2 

2 
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7 .  FUTURE PLANS 

Work dur ing  the  fo l lowing  months w i l l  be devoted t o  b u i l d i n g  the  

recharg ing  power supply,  and the  completion of t h e  de  t a i l e d  drawings 

f o r  the fue l  c e l l  b a t t e r y .  Cons t ruc t ion  of  t he  b a t t e r y  components w i l l  

a l s o  be w e l l  advanced by the  end of t he  n e x t  r e p o r t i n g  pe r iod .  
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8 .  FINANCIAL STATEMENT 

The expenditures f o r  the f i r s t  quarter were as fo l lows:  

Direc t  Labor Hours 1 ,375 .75  

Direct Labor Dollars $ 6,742.54 
T o t a l  Expenditures $17 ,136 .95  
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